This paper proposes an interactive rendering method of cloth fabrics under environment lighting. The outgoing radiance from cloth fabrics in the microcylinder model is calculated by integrating the product of the distant environment lighting, the visibility function, the weighting function that includes shadowing/masking effects of threads, and the light scattering function of threads. The radiance calculation at each shading point of the cloth fabrics is simplified to a linear combination of triple product integrals of two circular Gaussians and the visibility function, multiplied by precomputed spherical Gaussian convolutions of the weighting function. We propose an efficient calculation method of the triple product of two circular Gaussians and the visibility function by using the gradient of signed distance function to the visibility boundary where the binary visibility changes in the angular domain of the hemisphere. Our GPU implementation enables interactive rendering of static cloth fabrics with dynamic viewpoints and lighting. In addition, interactive editing of parameters for the scattering function (e.g. thread's albedo) that controls the visual appearances of cloth fabrics can be achieved.
Introduction
Photorealistic rendering of cloth fabrics is one of the most important research topics in the field of Computer Graphics, and is used for many applications such as cloth design, interior design, games, and web shopping applications. For such applications, realistic rendering of cloth fabrics under realworld, complex lighting at interactive frame rates and editing parameters for scattering effects on threads to change the appearance of cloth fabrics are desired. This paper proposes an interactive rendering method of cloth fabrics made from interwoven threads illuminated from dynamic environment lighting. Our method employs the microcylinder appearance model [Sad11, SBdDJ13] as the shading model of cloth fabrics since the microcylinder model has several nice properties. The microcylinder model can represent various appearances of cloth fabrics, from diffuse matte reflections to highly anisotropic glossy reflections, which are validated by comparing the measured data. The microcylinder model is robust, practical, and easy to control by changing a small number of intuitive parameters for scattering functions.
In the microcylinder model, the outgoing radiance from cloth fabrics is calculated by integrating the product of the lighting, the visibility function, the scattering function, and the weighting function calculated from the geometric structure of interwoven threads. The main difficulty of interactive cloth rendering resides in the integral of high-frequency complex functions, limiting the previous rendering methods [RZL * 10, XMR * 11] to ignoring the visibility function or limiting to a simple lighting model [SBdDJ13] .
To alleviate this difficulty, our method proposes an efficient calculation method of the quadruple product integral for cloth rendering of static scenes. The environment lighting is represented with a linear combination of spherical Gaussians (SGs). The quadruple product integral of the SG, the visibility function, the weighting function and the scattering function is approximated by the product of SG convolved weighting function and the triple product integral of the SG, the visibility function and the scattering function. The SG convolved weighting functions are precomputed for various geometric structures of threads and SGs, and easily calculated from the precomputed table in the run-time. To compute the triple product, our method decomposes the SG into two circular Gaussians. The scattering function in the microcylinder model can be represented by the product of a circular Gaussian and smooth functions. By factoring out the smooth functions, the triple product integral is simplified to the product integral of two circular Gaussians and the visibility function, which can be easily computed by using signed distance function (SDF) from the visibility boundary where the visibility changes, and the gradient of SDF. istic hair taking into account scattering effects at hair fibers under all-frequency environment lighting, these methods do not take into account shadows from occluders. Therefore, it is difficult to apply these methods to cloth rendering in which shadows from the cloth itself are necessary to enhance the realism of the cloth.
Definition of Gaussian functions and terminology
To render cloth fabrics under environment lighting efficiently, our method uses spherical Gaussian (SG) G, circular Gaussian g c , Gaussian g, and normalized Gaussian g u as:
where ω ω ω is a unit direction vector, ξ ξ ξ, σ, and µ represent the lobe axis (unit vector), the bandwidth, and the mean, respectively.
The outgoing radiance of cloth is calculated in the local coordinate system of tangent t and normal n as shown in Fig. 2 . Longitudinal angle θ is the angle from the plane perpendicular to t, and φ is the azimuthal angle from n. Longitudinal angles and azimuthal angles for incident direction ω ω ω i and outgoing direction ω ω ωo are denoted as θ i , φ i and θo, φo, respectively. Our method defines θ d = (θ i − θo)/2, θ h = (θ i + θo)/2, and φ d = φ i − φo. As shown in Fig. 2 , angles ψ i and ψo are angles between n and the projection of ω ω ω i and ω ω ωo onto the plane spanned by t and n, and ψ d is defined as ψ i − ψo.
Microcylinder Model
In the microcylinder model [SBdDJ13] , the threads of the cloth fabrics are modeled as microcylinders, and the cloth fabrics are modeled by interwoven microcylinders in two directions orthogonal to each other as shown in Fig. 2 
(c).
The smallest portion of the weaving pattern is referred to as smallest patch ( Fig. 2(c) ). The cloth fabrics are modeled by repeating the smallest patch. The outgoing radiance
where L 1 and L 2 are outgoing radiances from two threads of the smallest patch, a 1 and a 2 are the area coverage ratios of two threads, respectively. For each thread j(= 1, 2),
Figure 3: Comparison of our SG convolution approximation of W and the reference (unshadowed rendering) for silk-shot fabric that consists of red and green threads. The incident lighting is represented by a single SG G(ω ω ω i , (0, 1, 0) T , σ). The upper row images are the reference images and the bottom row images are rendered by using SVD compressed
tangent t is defined by the tangent curve ( Fig. 2(d) ). Let C j be the set of tangent vectors obtained by sampling the tangent curve. The outgoing radiance L j (ω ω ωo) of j-th thread is calculated by the following equation [Sad11]:
where Ω is a set of directions on the hemisphere, L is the incident radiance, f s is the scattering function of thread and calculated by the sum of surface scattering function fr,s and volume scattering function fr,v as follows:
where Fr is the Fresnel reflectance, η is the refraction index of the thread, F is the product of Fresnel transmittances, k d and A are parameters for the isotropic term and the albedo.
Weighting function W is calculated by the shadowing and masking term M(t, ω ω ω i , ω ω ωo) and the projection term P(t, ω ω ω i , ω ω ωo) as:
By defining D as D(x, y, z) = (1 − x) · y · z + x · min(y, z) to simplify the notation, the shadowing and masking term M and the projection term P are calculated by:
where σ is a bandwidth parameter between 15
• and 20
• . 
Our Method
Our method represents the environment lighting L env with a linear combination of SGs as
where K is the number of SGs, ξ ξ ξ k ,σ k ,L k are k-th lobe axis, bandwidth, and coefficient, respectively. To simplify the explanation,
The incident radiance L(ω ω ω i ) at the shading point of the cloth illuminated by environment lighting is calculated by Lenv(ω ω ω i )V (ω ω ω i ) where V (ω ω ω i ) is the visibility function that takes into account occlusions due to the cloth itself or other objects. By substituting this into Eq. (5), L j (ω ω ωo) is calculated by the following equation:
where B j,k (t, ω ω ωo) is calculated by the following equation.
Convolution of spherical Gaussian and weighting function
In the following, we describe the calculation method of B j,k (t, ω ω ωo). As described before, scattering function fs can be represented by θ i , φ i , θo, φo, and the product integral of fs and spherical Gaussian G can be efficiently calculated by using the previous method [XMR * 11]. However, this method does not consider the visibility function V and therefore cannot be directly applied to the cloth rendering. Moreover, W is a complex, high dimensional function and it is quite difficult to represent W with spherical harmonics or Gaussian functions (please refer to Sec. 1 of the supplemental document).
To address this problem, our method factors out W as:
Then our method defines the factored out component T (t, ξ ξ ξ k , σ k , ω ω ωo) as the following equation:
Since W depends on the geometric structure of the smallest patch, our method precomputes T for various SGs and fetches it in the rendering. However, T is a high dimensional function and it would require a huge amount of the precomputed data. Our method precomputes T t,σ (ξ ξ ξ k , ω ω ωo) for each sample tangent vector and discretized bandwidths, and compresses T t,σ (ξ ξ ξ k , ω ω ωo) using the Singular Value Decomposition. In our experiments, T t,σ (ξ ξ ξ k , ω ω ωo) can be accurately approximated with a small number of singular values. shows the validity of our approximation. Top images in Fig. 3 show the ground truth and bottom images are rendered by using SVD compressed T t,σ (ξ ξ ξ k , ω ω ωo). As shown in Fig. 3 , our approximation method provides visually convincing results and the differences are subtle.
Next, we describe the calculation method for the latter integral in Eq. (9). To simplify the explanation, we describe the calculation method for the surface scattering component f r,s, while that for the volume scattering component fr,v can be computed in the similar way. Let us define the latter integral in Eq. (9) as I s. By substituting Eq. (6) into Is, Is is calculated by the following equation:
To compute I s, G k (ω ω ω i ) is decomposed into the product of two circular Gaussians:
where θ k , φ k are angles of ξ ξ ξ k and σ k = σ k / √ cos θ i cos θ k , respectively. Normalized Gaussian g u (θ h , 0, γs) is accurately approximated by circular Gaussian g c (θ i ; −θo, 2γs)/ √ πγs (the derivation is described in Sec. 2 of the supplemental document). Since the product of two circular Gaussians is closed in the circular Gaussian, the product of g c (θ i ; θ k , σ k ) and g c (θ i ; −θo, 2γs)/( √ πγs) is replaced with another circular Gaussian g c (θ i , θ l , σ l ) multiplied by scaling coefficient α as:
To simplify the notation, let us define
and cosine functions cos(φ d /2) and cos θ i / cos 2 θ d are smooth compared to circular Gaussians, C can be factored out from the integral as follows:
In the following, we describe the calculation method of triple product integral of two circular Gaussians and the visibility function. 
Integrating circular Gaussians with SDF gradient
To compute the product integral with the visibility function efficiently, spherical signed distance functions ( (1), SG is an isotropic function with respect to the lobe axis, only the spherical singed distance to the lobe axis matters. For anisotropic functions, however, not only the spherical signed distance but also the direction to the nearest visibility boundary are required to accurately evaluate the product integral as shown in Fig. 4 . In addition, for circular Gaussians, the distance in the angular domain (i.e. θ i − θ l and φ i − φ k ) matters instead of the spherical signed distance.
Instead of SSDF, our method employs signed distance functions d(θ i , φ i ) to compute the product integral of two different (i.e. anisotropic) circular Gaussians and the visibility function. Our method precomputes the visibility function V (θ i , φ i ) at each vertex, then the signed distance function d(θ i , φ i ) is calculated from V as follows:
is a signed distance function, its gradient ∇d(θ i , φ i ) points to the nearest point on the visibility boundary where the visibility function V changes, and the gradient ∇d(θ i , φ i ) is equal to the normal at the nearest point on the visibility boundary (see Fig. 4 ). By exploiting this, our method approximates the visibility function near the peak (θ l , φ k ) of two circular Gaussians with a linear visibility function V (θ i , φ i ) as:
The triple product integral I of two circular Gaussians and the linear visibility function is then calculated by:
Although the integral I can be precomputed and stored in a look-up table as
, it would be a highdimensional table and therefore the precomutation time and storage cost would be prohibitive.
To reduce the dimensionality of the look-up table, our method eliminates θ l and φ k from I by approximating the integral I with the integral of two circular Gaussians without occlusion, multiplied by the ratio of occluded two circular 
Gaussians with zero means
In the former double integral in Eq. (12), by approximating the circular Gaussians with Gaussians, the double integral can be calculated on the fly as the following equation:
where erf(x) is the error function erf(
dt, and
In the latter component of I in Eq. (12), our method can now precompute the 4D function H(σ l , σ l , d, ∇d). We have observed that the 1D function h(d) = H(σ l , σ l , d, ∇d) for fixed σ l , σ l , ∇d can be accurately approximated with a sigmoid function. That is,
where κ(σ l , σ l , ∇d) is the gain of the sigmoid function. Our method fits H with the sigmoid function in Eq. (14) by us- ing the least square method and stores κ(σ l , σ l , ∇d) in the 3D texture. Fig. 5 shows examples of H and its sigmoid approximation. As shown in Fig. 5 , our sigmoid approximation matches to the ground truth well.
Results and Discussions
We have implemented our rendering algorithm on a PC with an Intel Core i7-2700K CPU (3.5GHz) and an NVIDIA GeForce GTX Titan GPU. The resolutions of images in Figs. 1 and 7 are 640 × 480, and that for Fig. 6 is 512 × 384. Our method calculates the outgoing radiance L(ω ω ω o) per pixel by using GLSL(OpenGL Shading Language). The rendering performance is reported in Table 1 . The environment lighting is approximated by 10 SGs. The rendering performance mainly depends on the number of sampled tangent vectors |C 1 | and |C 2 |. For each vertex of cloth fabric models, SDF d is sampled at 512 × 512 directions on the hemisphere and down-sampled to 128 × 128 directions. The precomputed SDF is compressed by using PCA with 48 PCA terms, and SDF is interpolated at each pixel at run-time. The compressed SDF for Fig. 1 is 9.26MB and that for Fig. 7 is 6.02MB. The gain of sigmoid function κ(σ l , σ l , ∇d) is sampled at 32 × 32 × 64. Fig. 6 shows the comparisons between our method (top row) and the reference images (bottom row) rendered by using ray tracing for various cloth fabrics and environment lighting. The computational times for ray tracing range from 23 min to 71 min, while those of our method are 11 to 16 fps (frames per second). As shown in Fig. 6 , our method can render plausible images of cloth fabrics comparable to the reference images at interactive frame rates. Fig. 7 shows an example of interactive editing of scattering parameters of polyester satin charmeuse cloth fabrics. By editing A, γ s, and γv parameters that control surface scattering function fr,s and volume scattering function fr,v for two threads, the visual appearance, especially the specular highlight, changes. Table 2 reports the precomputed data sizes of T t,σ for various cloth fabrics. The numbers of truncated singular values for T t,σ are determined so that the cumulative contribution ratios exceed 90%. To compress T t,σ by using SVD, ξ ξ ξ k and ω ω ωo are sampled for 48 × 48 directions. t is sampled for |C 1 | and |C 2 | tangent vectors (listed in Table. 1) and σ is sampled from 1/ √ 2 to 1/16 √ 2 logarithmically. The precomputation time for T t,σ ranges from 16 min to 43 min, and that for SVD compression ranges from about 2 hours to 5 hours, which mainly depend on the number of sampled tangent vectors.
To validate our linear visibility approximation with gradient to integrate anisotropic functions, we compare our method with the rendering method for anisotropic spherical Gaussians (ASG) [XSD blurred soft shadows rendered by using our method, however, slightly spread for thin objects such as the spout and the handle, since the gradient for thin objects changes drastically. This can be alleviated by smoothing the SDF, but it remains as future work.
We analyze the approximation error in Eq. (12) for simple linear visibility function that returns 1 if θ > 0 and returns 0 otherwise. We calculated root mean square errors (RMSEs) between I and approximation of I in Eq. (12) for various mean parameters (θ l and φ k ), which are uniformly sampled from −π/2 to π/2. For several bandwidth parameters of circular Gaussians, RMSEs are 1.5514e −4 , 4.0907e −5 , 0.0049, 1.7207e −8 , and 0.0035 when bandwidth parameters (σ l , σ k ) are set to (1/2, 1/2), (1/2, 1/8), (1/2, 1/32), (1/8, 1/2), and (1/32, 1/2), respectively. As shown in this analysis, our approximation method in Eq. (12) works well for various circular Gaussians.
Although our method can render cloth fabrics under environment lighting interactively, our method has several limitations. Firstly, our method is limited to static scenes in order to precompute SDF. Secondly, our current implementation does not handle interreflections of cloth fabrics. We have investigated the effects of indirect illumination by using path tracing up to 5 bounces in Fig. 9 . Although the bottom of the linen pillow looks slightly brighter due to indirect illumination, the effect of indirect illumination seems small in our experiments. However, in certain cases (e.g. indoor scene including multiple cloth fabrics), the effects of indirect illumination may not be small. It would be possible to calculate interreflected light between cloth fabrics with fixed parameters of scattering functions, computing interreflected light of cloth fabrics with dynamic BRDFs remains a challenging problem. 
Conclusion and Future Work
We have proposed an interactive rendering method of cloth fabrics for microcylinder appearance model under environment lighting. The quadruple product integral of SG, weighting function, scattering function, and visibility function is approximated by the product of SG convolved weighting function and the triple product integral. The SG convolved weighting function can be precomputed for various cloth fabrics and evaluated easily at run-time. The triple product integral of two circular Gaussians and the visibility function is efficiently calculated by using SDF and its gradient. Our method enables the users to edit the parameters of scattering functions that control the visual appearances of cloth fabrics interactively under all-frequency environment lighting. In future work, we would like to take into account indirect illumination. Moreover, we would like to extend our method to handle dynamic scenes of cloth fabrics.
